Two-dimensional (2D) materials have been emerging as potential candidates for the next generation materials in various technology fields. The performance of the devices based on these 2D materials depends on their intrinsic band structures as well as the extrinsic (doping) effects such as surrounding chemicals and environmental oxygen/moisture, which strongly determines their Fermi energy level. Herein, we report the UV treatments on the 2D transition metal dichalcogenides (TMdCs), to controllably dope the samples without damaging the crystal structures or quenching the luminescence properties. More surprisingly, both n type and p type doping can be achieved depending on the initial status of the sample and the UV treatment conditions. The doping mechanisms were elaborated on the atomic scale with transmission electron microscopy and ab-initio calculations. The facile doping by UV light has potential to be integrated with photolithography processes, aiming for the large scale integrated device/circuits design and fabrications.
INTRODUCTION
Two-dimensional (2D)-layered materials have attracted great attentions for their extraordinary properties, e.g. the electron confinement without interlayer interaction, high mechanical flexibility as well as optical transparency. 1 Particularly, graphene has zero bandgap which made difficulties for the applications in industry. 2 On the contrary, 2D transition metal dichalcogenides (TMdCs), with direct gaps from 1.0 to 2.5 eV, 1 are more suitable for various electronic or optoelectronic applications. Doping is a common process for tailoring the properties of semiconductors. So far a few doping methods for the 2D-TMdCs have been reported, e.g. heat treatment approaches such as chemical vapor deposition (CVD) were enabled for stoichiometric control 3 or Nb doping in MoS 2 , 4 while wet chemistry methods could be applied for atomic doping in TMdCs as well. 5 However, most of existed doping methods involve either thermal or chemical processes, which are difficult to control or integrated with other processes during large scale fabrications. Some other doping methods, such as plasma treatment approaches [6] [7] [8] were proposed for the carrier control in MoS 2 monolayers as well, and they have indeed paved the way for the 2D TMDs towards scalable industrial fabrications. 3 On the other hand, currently the detailed structures of defects [9] [10] [11] [12] [13] [14] [15] [16] and oxygen passivation effects on the defects 17, 18 in 2D TMdCs remain under hot debate. Several previous works [19] [20] [21] [22] [23] have shown that the enhancement of photoluminescence (PL) intensity achieved by thermal annealing or weak plasma irradiation is closely related to strong oxygen bonding at the defect sites of 1L-MoS 2 19,22,23 and the quenching of PL intensity by strong plasma irradiation is associated with the lattice distortion or creation of MoO 3 defects. [19] [20] [21] The gradual oxidation of TMdCs are prevalent for these atomic-thick layer when exposed to air, even under ambient conditions. [24] [25] [26] [27] The environmental effects play key roles on the optical and electronic properties of monolayer TMdCs. Therefore, it is imperative to have a systematic study with careful engineering on all control parameters and rationalize the influences on associated structural/property changes, further, for understanding the underlying mechanisms of oxidation.
Distinct to the previous approaches, in this work we apply a facile and industrial friendly method to dope the 2D-TMdCs in both types (n/p). During the initial stage of UV light exposure with humidity, which has been used to oxidize and observe the grain boundaries of graphene 27 and TMdCs, 28 the monolayer TMdCs were successfully doped and modified without compromising the structures. According to the summary in Supporting Table S1 , the initial stage can last few min, depending on the specific conditions. By careful characterizations with the PL spectroscopy, Raman spectroscopy, XPS, TEM/STEM, density functional theory (DFT) simulation and C-AFM, it is clearly revealed that under a controlled UV irradiation dose and humid level, the chemical doping process can adjust the carriers in bands of 2D-TMdCs, without lattice periodicity/band structure perturbation or sample damage.
In specific, our PL and Raman spectroscopy measurements unveiled the different carrier and lattice vibration behaviors according to the UV irradiation time, humidity level. The PL intensity of exfoliated monolayer (1L) MoS 2 gradually increased with significant blue shift of A exciton peak, distinct to the PL quenching with red shift of A exciton peak observed in CVD grown 1L MoS 2 , indicating different doping effects in these two kinds of samples. Meanwhile, a significant peak shift of the E 1 2g and A 1g modes in the Raman spectra for all samples has been observed. The origin of the different doping effects which can be attributed to different defective structures after treatment was unraveled by the high resolution TEM/STEM imaging. Finally, the increased electrical current level on the CVD grown MoS 2 samples in the conducting atomic force 4 microscopy (C-AFM) results also confirmed the doping. Our work manifests the capability of controlled UV light treatment for tuning the electrical and optical properties of the 2D TMdCs.
This process has great advantage over other doping methods and potential for industry use, in particular for the compatibility with current lithography techniques.
RESULTS AND DISCUSSIONS
The fabrication, preparation and characterization specifications of the 2D TMdCs can be referred to the METHODS. As the first example, the 1L MoS 2 flakes were exfoliated on 300nm SiO 2 /Si substrate using Scotch-tape method (pristine samples in Supporting information Figure   S1 ) and applied treatment with UV irradiation at humidity level of 60-65% (Figure 1a -h).
Several bright spots/holes were observed in Figure 1a in the monolayer portion, whereas the thicker portion does not have any noticeable effect. The thickness of monolayer was ~ 0.8 nm verified by AFM (Figure 1b ,e). The roughness in monolayer part was less than 0.2 nm. The bright spots in Figure 1a were correlated with the dark spots in Figure 1b , showing the formation of nanoholes after UV irradiation under 60% humidity. The edge height increased to 4 nm, indicating the highly active edges were preferably oxidized as in our previous reports. 28 The formation of holes and edge oxidation are related to the initial oxidation and etching of 1L MoS 2 under UV treatment. It should be noted that except for several discrete spots, the samples under UV exposure for 6 min and 60% humidity kept globally uniform and exhibited well-preserved uniformity ( Figure 1e ) as well as crystallinity in 1L MoS 2 , double-confirmed by our TEM characterizations shown later.
In contrast, increasing of 5% humidity gave different results. For 65% humidity and 6 min UV exposure samples, there were continuous bright lines and bright spots appeared in the AFM images (Figure 1d ,f). Even in the >1L portions there were some changes in morphology. Line patterns emerged with height ~ 0.8 nm and width ~ 50 nm, roughness was also increased to ~3 nm ( Figure 1f ), which probably comes from the functionalization groups after oxidation of MoS 2 19-22 . Meanwhile, stress corrosion cracking (SCC) 29 was also initiated, with cracking depth 0.8 nm (1L thickness) and width ~ 50 nm.
To investigate the physical properties after UV treatment, we performed spectroscopic analysis by Raman and photoluminescence (PL) on the initially oxidized samples. Figure 1g ,h exhibit the results on the 6 min UV and 60% humidity treatment samples. Firstly, the two 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5 characteristic peaks from Raman spectra for original monolayer MoS 2 at 384.2 cm -1 , assigned to E 1 2g mode, and 401.5 cm -1 , assigned to A 1g mode, were observed. 8 After UV oxidation for 6 min, the E 1 2g peak was slightly shifted to 383.6 cm -1 and A 1g peak was shifted to 402.5 cm -1 . In the PL results, The A exciton peak (excited by a 532 nm laser) of 1L MoS 2 near 1.82 eV was blueshifted with enhanced peak intensity. Accordingly, the intensity of the B exciton peak near 805 nm was significantly reduced without appreciable peak shifting. These results are all in consistent with the p type doping effects 5, 30 for the 2D MoS 2 . Based on the Raman peak shift we obtained, the actual free electron density reduction (p doping) was estimated to be 2×10 12 cm -2 . 30 The increased total PL intensity is well contrasted to the behavior after other thermal and plasma treatments, 31 whereas the PL intensity is normally reduced significantly.
In line with our AFM morphology results, the increased PL intensity after UV exposure confirmed that the crystal structure of 2D MoS 2 has not been degraded, otherwise the prevalent dangling bonds will serve as non-recombination centers and reduce the PL intensity. A exciton peak is combined with the negative trion peak (~1.84 eV) and exciton peak (~1.88 eV). 5 Compared to the as-exfoliated MoS 2 samples, the blue shift of A exciton peak and peak intensity enhancement at around 1.88 eV after UV oxidation can be attributed to the transition of negative trion recombination to direct exciton recombination, 4 in congruent with the decrease of free electrons due to p type doping. The 65 % humidity and 6 min UV treated samples (Figure 1d ,f) have much lower PL intensity than the 60 % humidity and 6 min UV treated samples (Supporting Figure S1 ), exhibiting they have been severely oxidized and damaged.
The mechanical exfoliated samples usually contain less atomic defects compared to the CVD grown samples, especially the atomic vacancies in 2D TMdCs. 14 As the second example, CVDgrown monolayer MoS 2 on sapphire 32 was tested without transferring substrates to reduce unexpected artifacts caused by the transfer process. The high quality pristine samples before UV exposure were shown in Supporting Figure S2 . While after UV irradiation under 65% humid level for 6 min, Figure 2a showed the topographic AFM image demonstrating the uniformity of the triangle shape 1L MoS 2 (thickness ~ 0.8 nm, roughness ~ 0.1 nm). Only several brighter lines caused by the SCC cracks due to initial oxidation and large strain mismatch between the flake and sapphire substrate 29, 33 . It is also reasonable that the CVD grown samples were cracked under a lower humidity level than mechanical exfoliated samples with same exposure time, because the 6 CVD samples intrinsically possess more atomic defects or vacancies than the mechanical exfoliated samples.
To further understand the oxidation effects, we prepared samples with different UV exposure times, while the humidity level maintained at 65% and 60%. The series of AFM results for 65% humidity were presented in Supporting Figure S3 , and the height profiles confirmed the uniform morphologies except some cracks or oxidized edges/boundaries starting to emerge at 4 min while larger particles were seen after 6 min. The series of Raman and PL spectra for 65% humidity was shown in Figure 2b -e, and the respective Raman and PL (mapping) data were presented in Supporting Figure S4 -S7. It can be seen that the Raman intensity kept spatially uniform in the initial stage but the total intensity was increased after UV irradiation until 4 min and then start to rapidly decrease from 6 min ( Figure 2d ). The enhanced Raman intensity could be ascribed to plasmonic effects from the oxidation process. 4 Figure 2f showed the peak position evolution of E 1 2g and A 1g . Both E 1 2g and A 1g peaks were shifted to lower wavenumber with the increasing UV exposure time (0-4 min), and then shift back higher wavenumber for longer exposure time (> 4 min). The initial and subsequent shifting of E 1 2g peak can be well explained by the strain effects 34-36 in response to the UV irradiation. With more atomic defects/vacancies created, the tensile stress across the sample was increased, thereby the sample started to have SCC cracks and the tensile stress was eventually released. On the other hand, the A 1g peak position is more closely related to the doping concentrations. 30 The corresponding PL spectra also presented the crossover of n/p doping by A exciton peaks at around 2~3 min UV exposure (Supporting Figure   S4b ). The crossover is earlier than the A 1g peak in Raman spectra (crossover at 4 min), which is probably due to the effect of in-plane strain mixed with doping in the PL results, say, the tensile strains cause similar effect as p doping for PL. The above results indicate in the initial stage of UV treatment, n type doping tends to occur first in the CVD grown samples followed by p type doping, in contrast to the direct p type doping by UV in the mechanical exfoliated samples.
The initial n type doping effect for CVD samples was confirmed by the PL measurements. The A exciton peak was red-shifted ( Figure 2c ) for 5 min UV irradiated sample. This red-shift A exciton peak can be attributed to n type doping 5 or tensile straining, 30 however the 5 min UV sample was already SCC cracked (Figure 2a ), therefore most of the tensile stress is already released, precluding the tensile strain effect. Nevertheless, n type doping is supposed to dominate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 the initial stage during the UV oxidation process in the CVD grown samples. The maximum electron density (n doping) estimated by Raman shift was increased by 6×10 12 cm -2 after UV doping. Finally after around 6 min by the UV treatment, the 1L MoS 2 started to be damaged (Supporting Figure S8) , which significantly reduced the Raman and PL intensities.
Hence we have demonstrated the morphology and optical responses of the monolayer MoS 2 samples, both mechanical exfoliated and CVD grown, can be controllably modified by the UV light and rich humid exposure. Conditions including the thickness of sample, particularly monolayer, as well as the exposure time and humidity level will result in distinct reaction rates.
Importantly, during the initial stage (e.g. <6 min under 60% humidity or <4 min under 65% humidity, using current UV exposure intensity and dose, see METHODS) of treatment, doping effect on the monolayer MoS 2 were clearly observed while uniform morphologies can be preserved. As the monolayers intrinsically have higher chemical reactivity than thicker flakes due to fluctuations in morphology, higher surface ratios and higher defect concentrations, they suit such mild UV oxidative treatment for doping. Because 5 min UV exposure is under the threshold between the mild doping (initial stage) and the stronger oxidation/damage, in the following we mainly use the 5 min UV exposure sample to demonstrate the doping effect.
The MoS 2 layer was further studied by the X-ray photoelectron spectroscopy (XPS) for elemental analysis. Figure 3 showed the XPS spectra of the Mo-3d and S-2s of pristine and post UV treatment 1L MoS 2 . After 5 min UV irradiation, the S-2s peak was suddenly reduced ( Figure   3 upper panel), shown in Table 1 , by around 50%. Note the sapphire substrates also contribute in the O signals. The oxygen content after 5 min UV treatment was significantly increased ( Table   1 ). The accuracy of Mo/S ratio determined by XPS may be disturbed by X ray beam damage, however it clearly exhibited the trend of replacement of S by O during the UV treatment. In addition, the individual peak of Mo3d 6+ which related to oxidation was significantly increased after UV, and the core level of S-2p and Mo-3d peaks was red shifted simultaneously by around 1.5 eV due to UV exposure and chemical doping ( Figure 3 ). By using high resolution TEM and STEM techniques, we have been able to observe the local atomic structures of the UV treated TMdCs (Figure 4a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 level are mainly contributed from 4d orbits of Mo as dopants in Figure 5d , and the dopant Mo 4d defect orbits (in pink, Figure 5d ) also locate at the conduction band edges, thereby enhancing ndoping. In brief, the TEM/STEM studies on the post UV samples and DFT calculations have explained the origin of the distinct n/p doping effects on the atomic scale.
The electrical properties of the 2D TMdCs after doping were studied by the conductive atomic Figure 6d also highlighted the high current spots which locate in the uniform/flat areas (no corresponding peaks in height profile in Figure 6c ). They can be attributed to the Mo substitution, leading to the enhanced n-doping and increased density of carriers (electrons). The measured current level at the brighter spots in Figure 6d increased approximately by one order of magnitude, from 0.08 A in pristine samples to 0.8 A in UV exposed samples, implying the carrier (electron) density increased by one order of magnitude in MoS 2 . With the initial room temperature carrier (electron) density on order of 10 12 cm -2 in CVD MoS 2 monolayers, 39, 40 , the n doping concentration after UV exposure can reach around 1×10 13 cm -2 based on our C-AFM results, which is comparable with the previous results (increase by 5×10 12 cm -2 ) by optical measurements. The slight difference between them may come from the local characteristics of the C-AFM experiment and the averaging effect in optical measurements. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   10 In general, the above doping approach by UV irradiation on 2D MoS 2 can be extended to other TMdC materials such as WSe 2 (Supporting Figure S10 ). The reaction kinetics directly depend on the humidity level and UV exposure time, and the photochemistry of the doping process can be understood as follows. The dissociation of H 2 O molecules are at first triggered by the direct UV absorption. The wavelength of the UV light (185 nm) we applied has satisfied the energy requirement (<239 nm) of the H 2 O molecule dissociations. 41 The full photochemical reactions have been listed in METHODS section. The chalcogenide vacancies in the as prepared samples serve as the anchoring sites for the -O or -OH functional groups, which will induce p type doping. If oxidation processes involve more chalcogenide vacancies such as in CVD grown samples, the encapsulated transition metal atoms become more active and some dissociated metal atoms will act as the n-type dopants. Subsequently, the enhanced oxidization level will turn n-doping into p-doping by oxygen atom substitution similar to mechanical exfoliated samples, after certain amount of UV light and humidity exposure. Eventually, uncontrolled oxidation by UV will cause sample damage and severely deteriorate all the physical properties.
We have summarized the doping results depending on different MoS 2 samples, UV doses and humidity levels in supporting Table S1 , as a guideline for the doping process and conditions. It is also noted the ideal humid level (process window) for doping in MoS 2 should be around 60%~65%. Lower or higher humidity will cause too slow or too fast doping reactions which become less controllable. The humidity level is critical to doping due to the introduction of OH* radicals, meanwhile the effect of O 3 on MoS 2 is mainly oxidation (with structure damage) rather than doping. Thus under lower humid condition the doping is slower, while more O 3 remained in the chamber which can cause faster oxidation (damage) in the sample. The exfoliated MoS 2 may have less possibility to react with O 3 because they have less defects, therefore the oxidation (damage) is slower. The competition between oxidation (by O 3 ) and doping (by OH*) exist in the UV process.
In conclusion, we have systematically studied the doping effect of UV irradiation on monolayer TMdCs under humid environment. Controlled n type or p type doping is feasible in the initial stage, which can be readily applied for electrical/optical device design and fabrications.
By the characterizations using SEM, AFM, TEM, Raman and photoluminescence spectroscopy combined with DFT simulations, we directly compared CVD-grown MoS 2 to the mechanical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 exfoliated MoS 2 after UV exposure. The PL and Raman spectrum enhancement as well as the electrical conductivity enhancement by C-AFM in the UV treated samples have been observed. This UV approach is facile and compatible with lithography techniques used for industry. It requests only conventional lithography UV dose and ambient humid condition, expected to be cost-effective. In fabrications, the exposure to humid may preclude some processes which require moisture isolation. Meanwhile, the stress in the sample needs to be controlled to prevent SCC cracking. However, this approach still has great potential for the scalable and flexible doping in 2D-TMdCs.
METHODS.

Sample Preparation.
Molybdenum dioxide growth on sapphire. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 was continuously ventilated to maintain a constant pressure. After reaching the required humidity level, the humidifier was disconnected from the chamber. MoS 2 was then irradiated under UV light for different times (2, 4, 6, 8 and 10 min µW power. The scanned image was obtained at 128 x 128 pixels with a grating of 600 g/mm to yield a spectral resolution of < 0.1 cm -1 for confocal Raman mapping and with a grating of 1800 g/mm to yield a spatial resolution of 200 nm for confocal PL mapping. The accumulation time for each spectrum was one second for image scanning and 30 seconds for a single spectrum. An area filter was used to extract the Raman spectrum map with an integration of E 1 2g peak (368 to 386 cm -1 ), and PL intensity map (625 to 775 nm).
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